Familial dysbetalipoproteinemia associated with apolipoprotein E3-Leiden in an extended multigeneration pedigree. By the careful screening of familial dysbetalipoproteinemic (FD) patients, five probands showing heterozygosity for the APOE*3-Leiden allele were found. Genealogical studies revealed that these probands share common ancestry in the 17th century. In a group of 128 family members, spanning three generations, 37 additional heterozygous APOE*3-Leiden gene carriers were detected. Although with a variable degree of severity, all carriers exhibited characteristics of FD such as (a) elevated levels of cholesterol in the very low density lipoprotein (VLDL) and intermediate density lipoprotein (IDL) fractions, (b) elevated ratios of cholesterol levels in these density fractions over total plasma levels of triglycerides, and (c) strongly increased plasma levels of apolipoprotein E (apoE). Multiple linear regression analysis revealed that most of the variability in expression of FD in APOE*3-Leiden allele carriers can be explained by age. Body mass index showed a less significant influence on the expression of FD. Gender had no effect on the expression in E*3-Leiden allele carriers, nor did it influence the age of onset of FD. In the group of APOE*3-Leiden allele carriers, we found that the E*2 allele enhances the expression of FD, whereas the E*4 allele had the opposite effect. Isoelectric focusing of plasma and of isolated VLDL, IDL, and high density lipoprotein density fractions showed that in E*3-Leiden allele carriers the apoE3-Leiden variant largely predominates over its […] Abstract By the careful screening of familial dysbetalipoproteinemic (FD) patients, five probands showing heterozygosity for the APOE*3-Leiden allele were found. Genealogical studies revealed that these probands share common ancestry in the 17th century. In a group of 128 family members, spanning three generations, 37 additional heterozygous APOE*3-Leiden gene carriers were detected. Although with a variable degree ofseverity, all carriers exhibited characteristics of FD such as (a) elevated levels of cholesterol in the very low density lipoprotein (VLDL) and intermediate density lipoprotein (IDL) fractions, (b) elevated ratios of cholesterol levels in these density fractions over total plasma levels of triglycerides, and (c) strongly increased plasma levels of apolipoprotein E (apoE). Multiple linear regression analysis revealed that most of the variability in expression of FD in APOE*3-Leiden allele carriers can be explained by age. Body mass index showed a less significant influence on the expression of FD. Gender had no effect on the expression in E*3-Leiden allele carriers, nor did it influence the age of onset of FD. In the group of APOE*3-Leiden allele carriers, we found that the E*2 allele enhances the expression of FD, whereas the E*4 allele had the opposite effect. Isoelectric focusing of plasma and of isolated VLDL, IDL, and high density lipoprotein density fractions showed that in E*3-Leiden allele carriers the apoE3-Leiden variant largely predominates over its normal apoE counterpart, especially in the VLDL and IDL density fractions. We conclude that in APOE*3-Leiden allele carriers FD is dominantly inherited with a high rate of penetrance, i.e., the presence ofnormally functioning apoE molecules in the plasma does not prevent the age-related expression of this disease. (J. Clin. Invest. 1991. 88:643-655.) Key words: body mass index * dominant expression * family studieshigh penetrance * type III hyperlipoproteinemia
Introduction
Familial dysbetalipoproteinemia (FD)' is a genetic disorder of the lipoprotein metabolism predisposing to premature coro-nary and/or peripheral vascular disease (1) . Patients with FD are characterized by elevated plasma cholesterol and triglycerides levels owing to the presence of #-migrating chylomicron and very low density lipoprotein (VLDL) remnants enriched in cholesterol and apolipoprotein E (apoE) (2) (3) (4) . As a consequence, the ratio of VLDL-cholesterol to plasma triglyceride levels is elevated. Approximately 50% ofthe patients show lipid deposits like palmar streaks and tuberous xanthomas (1) .
ApoE, one of the major protein constituents of chylomicron and VLDL remnants, plays a central role in the receptormediated endocytosis of these particles functioning as a highaffinity ligand for hepatic lipoprotein receptors (5, 6) . The primary metabolic defect in FD patients is due to mutant forms of apoE on chylomicron and VLDL remnants leading to an impaired clearance ofthese remnant particles by the liver (1, 7, 8) .
By isoelectric focusing, three common genetic variants of apoE, designated E2, E3, and E4 according to their mobility upon isoelectric focusing, can be recognized. They each differ in isoelectric point by one charge unit, apoE4 being the most basic and apoE2 the most acidic isoform. These isoforms are encoded for by three codominant alleles, E*2, E*3, and E*4, at a single APOE gene locus on chromosome 19 (9) . The common apoE2 is derived from the wild-type apoE3, by a cysteine for arginine substitution at amino acid residue 158 [designated as apoE2(Argl 58 -o Cys)], whereas apoE4 is derived from apoE3 by an arginine for cysteine substitution at residue 112 [apoE4(Cysl 12 --Arg)].
The vast majority of FD patients are homozygous for the apoE2(Argl58 -* Cys) variant (1) . In 
vitro experiments
showed that this variant exhibits only 1% ofthe receptor binding capacity of normal apoE3 (10) . Since homozygosity for the apoE2(Argl 58 --Cys) variant is required in order to develop FD, this variant is associated with a recessive mode of inheritance of FD. In Caucasian populations homozygosity for apoE2(Argl58 -* Cys) occurs with a frequency of 1%, whereas the frequency of FD is about 1:2,500 (1) . Thus, only a small percentage ofthese E2E2 individuals will develop FD (1) . This indicates that, in general FD is a multifactorial disease, i.e., additional factors, either genetic or environmental, are required for its manifestation (11, 12).
Expression of FD has also been observed in individuals heterozygous for the rare apoE variants, such as apoE3- (Cysl 12 Arg; Argl42 --Cys) (13, 14) , apoE2(Lysl46 --Gln) (15) (16) (17) , and apoE l-Harrisburg(Lys 146 --Glu), which focuses one charge unit more acidic than E2 (18, 19) . Family studies have confirmed that heterozygosity for these rare variants is associated with the development of FD despite the presence of a "normal" APOE allele, indicating that with these variants FD is dominantly inherited with a high degree ofpenetrance.
position, lacking cysteine residues, and designated as apoE3-Leiden (20, 21) . By analyzing first-degree relatives, we were able to show that in this family the apoE3-Leiden variant was strongly associated with the occurrence of FD (21) . Recently, DNA and protein sequencing analyses revealed that the APOE*3-Leiden allele was identical to the APOE*4(Cysl 12 -> Arg) allele, but included an in-frame repeat of 21 nucleotides (coding for seven amino acids) in exon 4. Since it was impossible to define exactly the duplication unit because of identical sequences at bp positions 3768-3772 and 3789-3793 of the normal apoE sequence (numbering according to Paik et al. [22] ), the insertion leads to a tandem repeat ofcodons 120-126 or 121-127 (23, 24) . The seven-amino acids insert introduces one extra negatively charged glutamyl residue when compared with the common apoE4(Cys 112 --Arg) variant and thus leads to a focusing on the apoE3 position.
In this article we describe four additional probands showing FD in association with heterozygosity for apoE3-Leiden. Genealogical studies revealed that the five probands share common ancestry. A detailed characterization of the effect of heterozygosity for the APOE*3-Leiden allele on lipoprotein levels has been performed by studying family members of the five E3-Leiden pedigrees. All APOE*3-Leiden allele carriers showed clinical signs ofFD, although with a variable degree of severity. Because of the relatively large number of APOE*3-Leiden allele carriers available (n = 42), we were able to estimate the effects of age, body mass index (BMI), and gender on the expression of FD in apoE3-Leiden carriers by statistical analysis. We also determined the influence of the accompanying "normal" APOE allele on the expression of FD in these E3-Leiden subjects.
Methods
Subjects. The initial proband (CV) is a Caucasian male who was previously described as a FD patient with heterozygosity for the apoE3-Leiden variant (20) . Subsequently, his first-degree relatives members were studied and five more gene carriers were found, all exhibiting FD (21) . Later, four other, apparently unrelated probands with FD and heterozygosity for apoE3-Leiden have been found in lipid clinics in Nijmegen and Leiden.
Genealogical studies. Information presented to us by the five probands enabled us to perform genealogical studies. This was done by checking the parish records from the 18th century and the civil registration, population, and census records from the 19th and 20th centuries in a region southeast ofThe Hague. We learned that in this region there is no high degree of consanguinity.
Collection ofblood samples. From the five probands and 123 relatives, EDTA blood samples were collected. Individuals were allowed to consume a low calorie (fat free) breakfast. Plasma was separated from the cells by centrifugation at 500 g for 10 min at room temperature and used for lipid and lipoprotein analysis; the cells were used to isolate genomic DNA.
Lipid and lipoprotein analysis. For the isolation of VLDL (d < 1.006 g/ml), 2 ml of plasma was overlaid with a 2.5-ml solution of NaCl (d = 1.006 g/ml) in a 5-ml tube fitting the 40 Ti swing-out rotor (Beckman Instruments, Geneva, Switzerland). After centrifugation at 90,000 g for 16 h at 4°C, VLDL was aspirated from the top. High density lipoprotein (HDL) was determined in the infranatant after precipitation of intermediate density lipoprotein (IDL) and low density lipoprotein (LDL) (25) . For the isolation of VLDL + IDL (d < 1.019 g/ml), 2 ml of plasma was brought to a background density of 1.019 g/ml with KBr and overlaid with a 3.5-ml solution of NaCl (d = 1.0 19 g/ml) in a 10.4-ml centrifuge tube fitting the 50 Ti fixed-angle rotor (Beckman Instruments). After centrifugation at 106,000 g for 16 h at 4VC, VLDL + IDL were aspirated from the top. Plasma cholesterol and cholesterol in the VLDL (d < 1.006 g/ml), VLDL + IDL (d < 1.019 g/ml), and HDL-cholesterol were measured using the CHOD-PAP kit (no. 236691, Boehringer, Mannheim, FRG). Plasma and lipoprotein triglycerides were measured using the GPO-PAP kit (no. 701904, Boehringer, Mannheim). IDL-cholesterol was calculated as the difference between VLDL-cholesterol (d < 1.006 g/ ml) and VLDL + IDL-cholesterol (d < 1.019 g/ml). LDL-cholesterol (1.0 19 < d < 1.063 g/ml) was calculated using the formula: LDL-chol = plasma chol -(VLDL-chol + IDL-chol + HDL-chol).
Agarose electrophoresis was performed as described by Demacker et al. (26) .
ApoE quantification, phenotyping, and genotyping. ApoE concentrations in plasma were measured by ELISA as described by Bury et al. (27) . In short, affinity-purified polyclonal goat anti-human apoE antibodies, raised in our institution as described before (28), were used both for coating and for preparing the antibody-peroxidase conjugate. The pool plasmas of healthy individuals, used as internal standards, were calibrated with a standard curve constructed with purified human apoE as primary standard. Mean intra-and interassay coefficients of variance were 4.3% and 8.2%, respectively.
The apoE phenotype was determined by isoelectric focusing ofdelipidated plasma samples before and after cysteamine treatment followed by immunoblotting as described (28) . For apoE phenotyping in the different lipoprotein fractions, VLDL, IDL, and HDL fractions were isolated by density-gradient ultracentrifugation of freshly prepared plasma by the method of Redgrave et al. (29) followed by extensive dialysis of the fractions against phosphate-buffered saline (PBS).
For genotyping, genomic DNA was isolated from leukocytes by standard methods (30) . The 5' part of exon 4 of the APOE gene was amplified by the polymerase chain reaction (PCR) using the primers 402 (nucleotides 3555-3574, coding strand) and 401 (nucleotides 3932-3913, noncoding strand) (22) (Fig. 1) giving a fragment of378 bp (or 399 bp in the case of the APOE*3-Leiden allele). This fragment encodes the amino acid residues 6 1-174 ofthe mature protein (see Fig.  1 and reference 23).
After PCR, 5-!d aliquots were separated on a 2% agarose gel by electrophoresis, and the gel was stained with ethidium bromide and photographed. Thereafter the DNA was transferred to a membrane (Biotrace, Gelman Sciences, Inc., Ann Arbor, MI) and hybridized with a [y-32P]ATP-labeled synthetic allele-specific oligonucleotide probe directed against the junction region ofthe APOE*3-Leiden gene duplication (23).
For allele-specific restriction endonuclease genotyping as described first by Hixson and Vernier (31) , 15 ul of PCR product was digested with 7.5 U HhaI at 37°C for 16 h according to recommendations ofthe supplier (Pharmacia, Uppsala, Sweden). Thereafter, the digested material was separated on a 10% neutral polyacrylamide gel for 3 h at 10 V/cm, stained with ethidium bromide, and photographed.
Statistics. All statistical calculations were performed with the use of the commercially available statistical package, Number Cruncher Statistical Systems, developed by Dr. J. L. Hinze (Kaysville, UT). In order to avoid the possibility of ascertainment bias, the five probands were omitted from all calculations. Since the studied population involves family members (not randomly selected individuals), and most of the measured parameters showed non-Gaussian distributions, differences in these parameters between groups were calculated using either the nonparametric analysis of variance (ANOVA) test of Kruskal-Wallis (in the case of more than two groups) or the Mann- fl-VLDL' cation, it was shown that DNA from the probands does hybridize with this allele-specific oligonucleotide probe (Fig. 3 B) . Finally, digestion of this amplified DNA with HhaI restriction endonuclease followed by polyacrylamide gel electrophoresis enabled genotyping ofapoE. Since the apoE3-Leiden mutation adds 21 bp to the 72-bp HhaI fragment that is normally found in individuals with the APOE*4 allele, the resulting 93-bp HhaI fragment is typical for the APOE*3-Leiden allele (Figs. 1 and 4). Genealogical studies. Although the five probands were ascertained independently in two different lipid clinics (Leiden and Nijmegen), we learned that they had relatives living in the same area ofThe Netherlands. Based on information presented to us by the probands, genealogy was done by checking the parish records from the 18th century and the civil registration, population, and census records from the 19th and 20th centuries in a region southeast ofThe Hague. We learned that in this region there is no high degree ofconsanguinity. This genealogi- cal study proved that the five probands share common ancestry in the seventeenth century (Fig. 5) . It was found that the grandfather and grandmother ofproband CV were related, giving the possibility of homozygosity for the E3-Leiden variant in the parental generation of this proband; the mother of proband CV, however, was heterozygous for this variant.
Family studies. As well as the five probands, 123 family members were studied (Appendix and Fig. 5 ). After apoE phenotyping and genotyping, performed as described above for the probands, 37 additional individuals were found to be heterozygous for the APOE*3-Leiden allele (solid symbols in Fig.  5 ). In all statistical calculations the five probands were excluded in order to avoid the possibility of ascertainment bias. As indicated in Table II , there were no significant differences between the group of APOE*3-Leiden allele carriers and the group of noncarriers with respect to BMI (P = 0.656; NS), age (P = 0.778; NS) and gender distribution (X2 = 1.020; P = 0.315; NS). This allowed us to compare both groups with respect to lipoprotein levels without prior correction.
Agarose electrophoresis ofVLDL (d < 1.006 g/ml) revealed that all carriers showed p-migrating VLDL particles, whereas ,B-VLDL could not be detected in any of the noncarriers (results not shown). In the group of noncarriers 14 individuals were found with more or less severe hyperlipoproteinemia other than FD based on lipoprotein analysis and agarose electrophoresis (see Appendix). living subject, not studied; (e) variable number of living subjects, not studied; (0/,) deceased subjects, not studied. The individuals in the inner six generations (not numbered) were all deceased and could not be studied.
All mean plasma lipid and lipoprotein levels were significantly different between both groups (Table III) . In the carriers, the ratio VLDL-cholesterol to plasma triglycerides and the plasma level of IDL-cholesterol was much higher than in the noncarrier group (mean values 0.67 vs. 0.30 and 1.41 vs. 0.24, respectively). However, a range of overlap still exist (see Appendix). Regarding the ratio of (VLDL + IDL)-cholesterol to plasma triglycerides, the range of overlap between both groups was much smaller (see Appendix). All carriers display high plasma apoE concentrations (> 11 mg/100 ml) (see Appendix). Only one individual in the group of noncarriers showed an apoE level above 11 mg/100 ml (see Appendix).
Effect ofage, BMI, andgender. From our data it is clear that there is a strong association between the presence of the APOE*3-Leiden allele and the development of FD, although there is a considerable variability in the expression of FD among the five probands and the other 37 APOE*3-Leiden allele carriers. Additional factors that may influence the expression of FD in E2(Arg 158 --Cys) homozygotes include age, BMI, and gender (1) . Since a relatively large number of APOE*3-Leiden allele carriers was available, we were able to estimate the effects ofthese additional factors on the expression ofFD in these subjects by statistical analysis. For estimating the effect of age on plasma lipid and lipoprotein levels in the APOE*3-Leiden allele carriers and noncarriers, we divided both groups into four age subclasses: 0-19, 20-39, 40-60, and > 60 yr old. In the group ofcarriers we found a strong influence ofage on the ratio (VLDL + IDL)-cholesterol/plasma triglycerides and an even more pronounced effect on plasma IDL-cholesterol and plasma apoE concentration (Fig. 6 A, B , and C, respectively). A similar, but much less evident, effect was found in the group of noncarriers. (Table IV) . It is clear that in the group of carriers, age has a strong influence on these parameters. BMI showed an additional influence on the expression of FD in this group, whereas gender had no effect.
In case of individuals with homozygosity for the E2
(Argl58 --Cys) variant, a marked difference in the onset of expression of FD exists between males and females owing to the difference in hormonal status (1) . In males the FD is normally expressed between 30 and 40 yr of age, whereas in females FD is expressed after the menopause. To investigate whether this holds true also for the APOE*3-Leiden allele carriers, we compared the plasma lipid and lipoprotein levels between male and female carriers subdivided in two age classes: < 45 and 2 45 yr of age, respectively. In both age classes no significant difference in levels of any plasma lipid and lipoprotein parameter measured was found between males and females ( Table V) , indicating that in the group of APOE*3-Leiden allele carriers there is no influence of gender on the age of onset of FD. Effect ofthe second APOE allele. All individuals with FD found in this study are heterozygous for the APOE*3-Leiden allele and thus, they are heterozygous for a common APOE allele as well. We wondered whether this common APOE allele influences the plasma lipid and lipoprotein levels in the APOE*3-Leiden allele carriers. The results presented in Table  VI show that, in the group of APOE*3-Leiden allele carriers, the E*2 allele enhances the expression ofFD (which is reflected by the higher lipid and lipoprotein levels), whereas the E*4 allele showed the opposite effect. This effect is consistent with previous data obtained by Weintraub et al. (33) . These results could be less evident as the number of individuals with either the E2E3-Leiden-or the E4E3-Leiden phenotype was rather small (four and three, respectively; Table VI ). In addition, there could be some bias ofthe results since all E4E3-Leiden individuals come from one generation in a single kindred, and three of the four individuals with the E2E3-Leiden phenotype come from one generation of another kindred (see Fig. 5 and Appendix).
Irrespective ofthe common accompanying second allele in the E*3-Leiden allele carriers, FD is dominantly inherited, i.e., the presence of normally functioning apoE molecules does not prevent the expression of FD in these subjects. To evaluate whether this might be due to a difference in distribution among the different lipoprotein fractions between apoE3-Leiden and the common apoE variant, we performed apoE phenotyping in cysteamine-treated and untreated VLDL, IDL, and HDL fractions. The cysteamine treatment enabled us to distinguish "normal" apoE (either E2, E3, or E4) from apoE3-Leiden (Fig.  2 ) since apoE3-Leiden contains no cysteine residues (21) . As can be seen in Fig. 7 the majority ofapoE protein in the VLDL and IDL density fraction consists ofthe apoE3-Leiden variant. In the case of both the E*2 and E*3 allele as second allele, the HDL density fraction is relatively enriched with the common apoE isoform as compared with its relative amount in the VLDL and IDL density fraction (Fig. 7, A and B) . In the case of the E*4 allele, the relative contribution ofthe E4 variant to the total amount of apoE protein does not differ between the VLDL, IDL, and HDL density fraction (Fig. 7 C) (13, 14, 18) , whereas apoE2(Lysl46 -o Gln) has been studied in three apparently unrelated kindreds (17) . With the exception of three very lean APOE*2(Lys 146 --Gln) allele carriers and one individual with the APOE*l-Harrisburg(Lysl46 --Glu) allele who was on lipid-lowering diet, all family members showing heterozygosity for one of these rare mutant forms of apoE had manifest FD. Thus, for these variants FD is inherited in a dominant fashion with a high penetrance. In addition to the rare variants described above, the apoE variants E2(Arg 145 -o Cys) (8, 34, 35) and E2-Christchurch(Argl36 -* Ser) (35, 36) are also reported to be associated with the development of FD. However, it is not known whether these mutants are associated with either a dominantly or recessively inherited form ofFD, as family studies have yet to be performed. In previous studies (20, 21) we have shown that dominant expression of FD also occurs in the family of an FD patient who has the apoE3-Leiden mutation. Recently, DNA and protein sequence analysis revealed that the molecular basis of apoE3-Leiden is due to a partial gene duplication leading to an in-frame insertion of 21 nucleotides forming a tandem repeat of the codons 120-126 or 12 (23, 24) . In this paper, four additional, apparently unrelated patients with FD carrying the APOE*3-Leiden allele in a heterozygous form were ascertained. Genealogical studies revealed that the probands share common ancestry in the 17th century (Fig. 5) . Using the families of all five probands, we were able to perform the most extensive family study thus far described with respect to a dominantly inherited form ofFD. In this family study we obtained a total of 42 individuals carrying the APOE*3-Leiden allele among a total number of 128 family members. We could clearly prove that the apoE3-Leiden variant is invariably assoApolipoprotein E3-Leiden Pedigree 649 All five probands are excluded from these statistical calculations. * p value represents the partial correlation coefficient. t r value represents the multiple correlation coefficient. § F value obtained from F-statistic. 1 P value indicating the probability for t-statistics (partial correlation) or F-statistic. ' For sex, a numerical code (1 = females; 2 = males) was entered in this analysis.
ciated with the expression of FD in all five families, although with a variable degree of severity.
In subjects with homozygosity for apoE2(Argl58 --Cys)
FD only rarely develops (1-4%) and is commonly assumed to be highly influenced by additional factors such as age, BMI, nutritional status and gender (1) . As in all subjects exhibiting heterozygosity for the APOE*3-Leiden allele express clinical symptoms of FD, we wondered whether in these subjects the expression of FD is also influenced by these additional factors.
The relatively high number of FD subjects ascertained in this study (37 individuals in addition to the five probands), together with the absence of significant differences between the apoE3-Leiden carriers and noncarriers with respect to age, BMI, and gender distribution (Table II) , gave us the unique opportunity to estimate the possible association of the expression of FD with these factors by means of statistical analysis.
We found that in APOE*3-Leiden allele carriers the development of FD is strongly correlated with age (Fig. 6 , A-C) as is BMI (Fig. 6 D) . Multiple regression analysis revealed that there was a weak effect ofBMI on the expression ofFD in addition to the highly significant effect of age (Table IV) . Because of the strong correlation between BMI and age, part of the effect of age on the expression of FD could be derived from the effect of BMI. Although the E3-Leiden heterozygotes resembles the E2(Arg1 58 --Cys) homozygotes with respect to the effect of age on the expression ofFD, we found that in E*3-Leiden allele carriers there is, strikingly, no influence of gender on the expression and on age of onset of FD (Table V) .
A number of studies conducted by Mahley and co-workers (10, (37) (38) (39) (40) cleavage with thrombin (38) or by cysteamine treatment (a reagent that converts cysteine to a positively charged lysine analogue) (10, 38). The binding activity of apoE2(Argl58 -> Cys) may also be modulated in vivo to some extent, by changing the lipid composition ofthe lipoprotein particle (40). Their results suggest that the conformation ofapoE2(Argl 58 -0 Cys) is sensitive to its environment and that the cysteine at residue 158 has a secondary, rather than a direct, effect on receptorbinding activity. tal and/or genetic factors for the expression of FD. Only when exacerbating factors are present, does the receptor-binding activity of #-VLDL decrease and, eventually, will result in the development of FD. In contrast to the apoE2(Argl 58 --Cys) variant, the apoE variants E3(Cys 112 -* Arg; Argl42 -* Cys), E2(Lysl46 -) Gln), and El-Harrisburg(Lysl46 -. Glu) are almost absolutely associated with FD, even at young age (13) (14) (15) (16) (17) (18) (19) . These variants have a common molecular defect, i.e., a substitution of a basic amino acid residue for a neutral or acidic residue in the predicted a-helical receptor binding domain of apoE (residues 130-150). It is suggested that the basic amino acid residues in this particular domain provide direct ionic interaction with the LDL receptor (42). Mahley et al. (41) suggest that loss of any positively charged amino acid residue within the putative a-helical segment affects the binding of apoE by reducing the ionic interaction. This reduction probably is not easily influenced by environmental factors like lipid composition ofthe lipoprotein particle. As a consequence, they hypothesize that mutations in the 130-150 segment of apoE result in "permanent" receptorbinding defects. This hypothesis is sustained by experiments using apoE variants made by site-directed mutagenesis (39) .
The present results convincingly show that the apoE3-Leiden variant is also invariably associated with the development ofFD, although age exerts a significant effect on the severety of hyperlipidemia (Fig. 6 , A-C), as in E2(Argl 58 --Cys) homozygotes. Previously we have shown that apoE3-Leiden possesses a reduced receptor-binding activity (20, 21) . Recently it was found that upon cleavage with thrombin, the 22-kD fragment ofapoE3-Leiden possesses a nearly normal binding activity (23). This suggests that, owing to the insertion of seven amino acids, close to the receptor-binding domain, and constituting nearly two turns ofthe a-helix, the structure ofthe entire protein is changed in such a way that the carboxyl-terminal domain irreversibly prevents the receptor-binding region of apoE to interact with the LDL receptor, and as a consequence, interferes with the binding activity, the latter being sensitive to environmental factors such as age. ApoE3-Leiden, described in this paper, as well as the E3(Cysl 12 -Arg; Argl42 --Cys), E2(Lysl46 -) Gln), and E l-Harrisburg(Lys 146 -* Glu), represent binding-defective apoE mutants that are associated with dominantly inherited FD, i.e., the subjects who are heterozygous for these variant alleles display FD, irrespective of the presence of normal apoE molecules. In that chylomicron and VLDL remnants possess several apoE molecules per particle, it may be expected that both normal and mutant apoE molecules are present on each particle. This raises the question as to why the normal apoE molecules do not prevent the expression of FD in these subjects. Mahley et al. (41) postulates two mechanisms for the phenomenon of dominantly inherited FD: (a) the mutant apoE disrupts the organization of the apoE molecules on the surface of the lipoprotein, including that of the normal apoE molecules; (b) the presence ofdefective apoE molecules reduce the effective concentration of active apoE molecules on the surface of the particles, thereby reducing its affinity for the receptor. There is some evidence that plasma levels of apoF may become rate-limiting in the clearance ofremnant lipoproteins (43) . Thus, a low efficient concentration of normally active apoE molecules on the remnant particles might be the underlying molecular defect of dominantly inherited forms of FD. In subjects with the E3(Cysl 12 -* Arg; Argl42 -.o Cys)
variant, equal amounts of normal and variant apoE3 were of FD expression is currently under investigation. We found found in the VLDL density fraction (14) . In contrast, our rethat the APOE*2(Argl58 -* Cys) allele as second allele in sults clearly show that in plasma of all apoE3-Leiden subjects, apoE3-Leiden subjects enhances the expression ofFD, whereas the apoE3-Leiden variant largely predominates over its normal the opposite was true for the APOE*4(Cysl 12 -o Arg) allele apoE counterpart (Fig. 2) . Preliminary results, obtained by (Table VI) . This observation indicates that the second comquantitative isoelectric focusing/immunoblotting using 1251-lamon APOE allele in apoE3-Leiden subjects does influence the beled rabbit anti-goat anti-apoE antibodies followed by countdevelopment of FD. ing the radioactivity in the respective bands after cysteamine
The present paper reinforces the concept that FD is agenetimodification, showed that 75% of the total plasma apoE cally heterogeneous disease entity with a recessive mode of inconsists ofapoE3-Leiden (results not shown). Separate analysis heritance in case of the common E2(Argl 58 --Cys) variant ofthe different lipoprotein fractions revealed that this predomiand with a dominantly inherited form in case of rare apoE nance is most pronounced in the VLDL and IDL density fracmutants. It is shown that these dominantly inherited forms of tions (Fig. 7) , except in the case ofapoE4 as the normal variant.
FD display high rates of penetrance, making early diagnosis in ApoE4 distributes preferentially to VLDL (44) , which should these families feasible. From a clinical point ofview, we recombe ascribed to the arginine at residue 112 (45) . Similarly, the mend that all patients with elevated plasma cholesterol and preferential association of apoE3-Leiden with VLDL and IDL triglyceride levels concomitant with increased cholesterol/tridensity fractions may be apoE3-Leiden is apoE4-like in that it glyceride ratios in the VLDL fraction be analyzed for apoE contains arginine at residue 1 12. In fact, this predomination of phenotype and/or genotype. In case ofE2E2 homozygosity this apoE3-Leiden renders the chylomicron and VLDL remnants analysis will only sustain the FD diagnosis. However, when into "apparent" homozygosity for apoE3-Leiden. Whether the suspected FD patients do not exhibit the common E2E2 homo-"extent of homozygosity," i.e., the relative amount of active zygosity, the patients might carry a rare APOE allele, and thus apoE on these particles is associated with the degree ofseverity family studies are indicated.
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